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ABSTRACT 
Human movement tracking systems have been used in many fields, from medical 
rehabilitation to virtual reality user interfaces. Most movement tracking systems are 
expensive, difficult to implement, and lack flexibility. Furthermore, they tend to be 
cumbersome when wired, making them impractical for general purpose applications. 
Wireless sensor network technology has been developed and widely used in outdoor 
environmental monitoring applications, such as, in agriculture, sensor networks are used to 
provide early alerts for frost damage and help in precision harvesting to maximize crop 
quality. It has shown that wireless sensor network is effective, efficient, inexpensive, and 
easy to implement. 
This research proposes to utilize the advantages of wireless sensor networks in the field of 
human movement tracking. A wearable wireless sensor network is implemented according to 
the guidelines of wearable systems, and its performance is evaluated with respect to the 
number of sensors and the communications bandwidth. A test case application involving an 
interactive dance performance is discussed to validate the effectiveness of our wireless sensor 
network and how it integrates into a virtual reality application. 
1 
CHAPTER 1 INTRODUCTION 
Investigation of human movement has been a research topic for many years. From the 
medical field to computer animation, gaining insight of human movement is beneficial to a 
wide range of applications. However, there are only a few movement tracking systems 
available today, and most of these systems are wired which tend to pose constraints on the 
user's movement. Fortunately, recent developments in wireless technology facilitate the 
design of applications free of cumbersome cables. Today's applications such as wireless 
mice and keyboards, mobile phones, and wireless internet connectivity clearly illustrate the 
benefits of wireless technology. 
This research proposes a human movement tracking device that utilizes wireless sensor 
network technology, providing the user with a wearable wireless sensor network that tracks 
the user's body movements. The detected body movements are then interpreted and used in a 
variety of applications. 
Current Movement Tracking Methods 
There are several technologies available to capture a user's movement under a variety of 
applications ranging from bioengineering to virtual reality. Most of these technologies 
require the body parts to be tracked with sensors that can be read (or "captured") by a 
receiver device. For example, a user can wear markers on his joints and a camera can capture 
those markers to determine whether he is walking, jumping or any performing other 
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movements. In the field of virtual reality and entertainment motion capture, there are many 
types of tracking methodologies, including mechanical, acoustic, optical, inertial, and 
electromagnetic technologies. 
None of the movement tracking technologies currently available are appropriate for general 
use. Some have limitations with respect to the line of sight between transmitters and 
receivers, and others are affected by interfering elements in the room, such as metal. Most of 
them are cumbersome and require a significant amount of cabling to be attached to the user. 
The work presented here proposes a solution that addresses mobility issues, cost issues, and 
the large number of sensors attached to the user. We focus on the development and 
integration of a wireless sensor network into a virtual reality framework for use in a wide 
range of applications. 
Current state of wireless sensor networks 
Wireless sensor networks are considered as the next step m wireless communication's 
ministrations. They consist of small, low-power, low-cost devices with limited computation 
and communication capabilities [9]. These characteristics make it easily possible to embed 
them into wearable devices. 
There are few wireless sensors available today that track human movements. Most of the 
research has been focused on wireless sensors for the environment like the Global 
Positioning System (GPS) satellites/receivers used in a variety of applications such as air 
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traffic control, agriculture, marine, etc. Because of this research focus there is a need to 
develop a wearable wireless sensor network to capture human motions/movements. 
Research question 
The communication between sensors, machines, and computers in a wireless sensor network 
has surpassed many traditional devices because of its mobility, cost, adaptability, and many 
other advantages like the expandability, multi-hop capability, etc. With recent advances on 
sensors and wireless technologies, it is possible to extend this work to capture human 
movements. Utilizing sensor network in human movement tracking has many advantages 
over the current tracking systems, such as wireless communication, low cost, ease of use, and 
reconfiguration. 
The goal of this research is to design and construct a wearable wireless sensor network, 
which will capture a user's movement in real-time applications. The research also includes a 
usability study of the device, and uses current human movement analysis techniques to 
evaluate the effectiveness and accuracy of the system. Constraints of the study include 
limited communication bandwidth, response time, number of tracking points, and wiring of 
the user's body. The types of sensors used in the study include flex sensors, pressure sensors, 
and accelerometers. 
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Summary of the results 
The experiments and applications are designed to further investigate the capability of 
wearable wireless sensors in performing human movement tracking tasks. The results have 
shown that the sensor network is able to take consistent measurements of a series of natural 
movements. Using an appropriate sampling rate, the subject's movements can be accurately 
determined by using the output data of the sensor network. 
There are also limitations with current wearable sensor networks, such as the difficulties of 
performing position tracking. However, the number of advantages of a wearable wireless 
sensor network exceeds its shortcomings. These advantages allow this technology to be 
utilized in a variety of applications, such as medical rehabilitation, learning applications, and 
interaction methods in a virtual environment. 
Organization of the Thesis 
The discussion begins by giving necessary background information in human movement 
tracking and wireless sensor network technology, as well as user interface design for a virtual 
environment. The research content chapter includes the design, construction, and analysis 
techniques used in the study. The applications, performance analysis, and experiment results 
are discussed in detail. Finally, our conclusions and suggestions for future work are presented. 
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CHAPTER2BACKGROUND 
This chapter provides some essential background information on human movement tracking 
and wireless sensor network, covering the hardware and software involved in the technology, 
and the research and challenges in the area. 
Human Movement Tracking 
The development approaches for movement tracking and analysis started around the 
yearl 900, for biomechanical scientist to further the study and understanding of human 
movements. During the last 30 years, there has been tremendous advancement in the field, 
particularly since the introduction of modem electronics and computers. Research in 
movement tracking and analysis has been approached as a bioengineering problem and 
studied at various levels: cellular functions, properties of muscle, bone, ligaments, tendons 
and cartilages, as well as neuromuscular control mechanisms. 3D movement tracking enables 
quantitative assessment of human movement in all degrees of freedom, and has become a 
powerful tool for biomechanics research [10]. More recently, this research in bioengineering 
has been "discovered" by the film industry and the interactive technologies research 
communities. Special effects in film, and interactive systems need to be able to capture 
human motion to either digitally reconstruct or to interpret the user's actions within a virtual 
world. These applications have required extensions and adaptations from bioengineering 
movement tracking technologies to create more accessible and usable tracking technologies. 
As a result, a great variety of movement tracking systems are available today. 
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Biomechanical models have also been developed to calculate the joint angles, forces, 
momentums and other attributes. These technologies are capable of measuring human 
movements and gestures. The following section covers human movement capture technology 
in more detail. 
Movement Tracking vs. Gesture Recognition 
Gesture recognition is defined as "When a computer applies pattern recognition to 
identifying symbolic meaning in predefined shapes and movements" by Rory Stuart [13]. In 
gesture recognition, gestures are preprogrammed in the application (i.e., a finite set of very 
specific body positions) and the user is trained to use these predefined gestures to control the 
system. The gestures are static, discrete, and can be unnatural and/or restrictive. As a 
difference, movement tracking discussed in this research involves constant monitoring of the 
dynamic and continuous movement of the user, who uses a series of movements to 
communicate with the application. In some cases, application developers can choose to 
identify gestures within the user's motion, but this would be an application design constraint, 
not a constraint imposed by our system. 
Movement tracking emphasizes the natural interaction between the user and application. To 
achieve natural interaction, the application must learn to adapt to the user's movement rather 
than the user trying to satisfy the requirements and limitations of the application. To capture 
the user's movements, we implement a wearable sensor network which tracks different body 
parts, such as elbow motion and finger flexing, 
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Current Human Movement Tracking Systems 
The current tracking system can be classified into three categories according to the placement 
of the sensors and sources [24]. 
• Inside-in systems - sensors and sources are both placed on the user's body. These 
systems are generally used to track body parts, and do not provide 3D world-based 
information. 
• Inside-out systems - sensors are placed on the user's body, and sources are external. 
These types of systems provide 3D world-based information, however the systems 
can be relatively large with limited accuracy. 
• Outside-in systems - sensors are external and sources are placed on the user's body. 
Even though this type of system is less obtrusive, occlusion problem has limited its 
tracking ability, especially for small body parts. 
Each type of tracking system has lead to the development of specific hardware devices. In the 
following sections, we discuss some of the commonly used tracking systems, and identify 
their strengths and weakness. 
Mechanical tracking systems physically connect the user to the tracking system. 
The user's position is measured by attaching, for example, the user's hand to the end of a set 
of jointed linkages. The main advantage of mechanical tracking systems is that they respond 
very quickly to the user's movement and deliver very accurate measurements. However, the 
user's range of motion is very restricted, being constrainted to the length and range of motion 
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of the linkages. The BOOM system by Fake Space is an example of a mechanical tracking 
system [ 13]. 
Magnetic tracking systems are an example of an inside-out tracking system. 
Electromagnetic fields are been emitted along three orthogonal axes and the sensors will 
detect the electromagnetic fields, thereby tracking the positions and orientation of the user. 
Both alternating current (AC) emitters and direct current (DC) emitters can be used in these 
types of systems. Magnetic tracking systems do not require a clear line of the sight between 
the emitters and sensors, but any metal objects present in the electromagnetic filed can affect 
the accuracy of the tracking. Latency, up to 0.1 second, is also a problem for this type of 
system [1]. 
Acoustic tracking systems use ultrasonic frequencies for movement tracking. These 
systems consist of a set of microphones and speakers; the microphones emit ultrasound 
pulses that are capture by the speakers. Multiple speakers and microphones are used, which 
allow for several approaches to locate the sensor (typically the device containing the 
microphones. [13]. This tracking method has the advantages such as they are not impacted by 
materials in room, they can reach longer ranges, they can be fairly small. One of the main 
problems with these systems is that they need clear line of sight between transmitters and 
receivers. Although not as high as in electromagnetic systems, latency is also a limitation for 
acoustic tracking systems. 
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Optical tracking systems are an indirect measuring device, because they record the 
measurement rather than track actual movements. The recorded images are processed to 
obtain quantitative information regarding the user's movements. Using multiple cameras 
combined with other devices, a camera system tracks the user's movement by provide 
information such as coordinates, velocity and acceleration. In a camera-based system, the 
user typically wears small markers instead of cumbersome devices used with the other 
systems. One of the main advantages of these systems is that large amounts of data can be 
captured in a short amount of time. For example, with 41 markers a two-minute sequence can 
produce more than 175 thousand floating-point values [12] with information about the user's 
entire body, including facial expressions. However, attributes such as force and moments 
cannot captured using a camera system. A limitation, as with the acoustical systems, is that 
optical trackers require a clear line of sight between the cameras and the markers. The 
camera-based systems are often used in entertainment industries, such as animation, movies, 
and video games. 
Based on the movement tracking category, the wearable wireless sensor network introduced 
in this research is an inside-in movement tracking system, where the sensors and sources are 
both on the user's body. Our research addresses several of the limitations of the tracking 
systems covered above: 
• Cumbersome devices to wear 
• Clear line of sight between transmitters and receivers 
• Capturing many of the user's movements 
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• Little or no interference from the environment in which the sensors operate 
• Low-cost and potentially exchangeable sensors in the system 
• Mixed sensor data 
As for most inside-in tracking systems, our proposed network of sensors is focused to capture 
specific data about how a user is moving, and cannot relate it to the three-dimensional space 
in which the user is moving. Future work could integrate gyroscopes and other small sensors 
that could provide this three-dimensional information. For the purposes of the research 
presented in this document, we are focusing on sensors that measure flexing movements, 
such as bending the elbow, and in pressure-based motions, such as clapping hands or contact 
between foot and floor. 
Motion Analysis 
Once human movements are captured, the next step is to analyze what the user is actually 
doing, like walking, reaching out, or jumping; this step is called motion analysis. Current 
motion analysis is separated into two parts, gait analysis and upper-extremities analysis. The 
gait analysis is more comprehensive than upper-extremities analysis at the current time 
because upper-extremities analysis involve a higher degree of freedom and large skin 
movements [11]. The comparison between gait analysis and upper extremities analysis is 
shown Table 1 below. 
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Gait Analysis Upper Extremities Analysis 
Standard movement Task-dependent movements 
Cyclic Non-cyclic 
Approximately 2D 3D 
Measurable external forces Difficult access to external forces 
Limited range of motion Extremely large range of motion 
Standard protocols No standard protocols 
Available systems ready to use No adapted system available 
Table 1 Comparison between gait analysis and upper extremities [11] 
Gait cycle is used to describe an individual's gait pattern, and each cycle consists of a 
swing phase and stance phase. From leg acceleration to deceleration, the swing phase can be 
sub-divided into initial swing, mid swing, and terminal swing. The stand phase can be 
subdivided into single-leg stand and double-leg stand. Research has shown very little 
variations among individual gait cycle. Therefore, there is an established reference for a 
normal gait. 
Upper-extremities are much more complex than gait. In the rigid-body model, 
upper-extremities consists of the upper-arm, the forearm and the head. These three segments 
are connected by the elbow and wrist, which are ball-and-socket joints. There are three 
degrees of freedom for rotation at each joint. In the marker-based measurement procedure 
introduced by R. Schmidt, C. Disselhorst-Klug, J. Silny and G. Rau, the translation is ignored 
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for simplification. Markers are placed on the established coordination, and the joint angles 
are calculated for each movement. 
Synergies are used to reduce the amount of controlled parameters to guide an 
ongoing movement by the nervous system, which determines the motor function needed to 
achieve the desired goal. In 1967, Bernstein identified that the same motor signals can lead to 
different movements under different conditions. Synergies, which are classes of movement 
patterns, are used to organize the motor apparatus. The joint and muscle variations are used 
as the basic units to identify the movements. Synergies can be related to a given task and 
describe the movement involved in the motor task. For example, fixed joint velocity ratios 
are used for describing hand movements [31] and pointing movements. Using synergies can 
reduce the number of parameters involved in movement analysis. 
Virtual Environment User Interfaces 
User Interface (UI) design is a critical element in a Virtual Environment (VE). An intuitive 
and efficient UI directly influences the effectiveness of a VE. As the user communities and 
demands for VE increase, researchers have given more priority to UI design in a VE. Good 
UI design should is easy to use, easy to adapt, understandable, effective, and efficient. In 
virtual environments, user interaction technologies are much more diverse, and the 
applications have very specific and unique requirements. This is because the user is placed 
directly inside the computer-generated world, so he needs to have direct access to the 
information and objects presented to him. For example, an engineer looking at a concept car 
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design may want to increase the height of the steering wheel. He would like to simply reach 
out with his hand, grab the wheel and move it to the higher location. It is clear from this 
example that the design of such an interface is much more complex than a conventional two-
dimensional GUI used in desktop application. 3D UI design presents even more challenges 
than conventional GUis found in desktop systems, but can provide all degrees of freedom for 
user movements and actions. Depending on the context of the application, these multiple 
degrees of freedom can potentially be difficult for users to understand 3D spatial 
relationships and to interact with virtual objects in a 3D volume rather than a 2D surface. The 
user needs to be able to do common tasks such as navigating in the space, interacting with 
virtual objects, and control other attributes of the application [27]. With 3D Uis such as using 
an electromagnetic tracker to determine the direction of navigation, a user can quickly be lost 
in the virtual space. Perhaps he turned himself upside down, or went around in a circle. 
Design issues in VEs are starting to address this and identify the degrees of freedom needed 
for specific kinds of applications. 
Wireless sensor networks offer many advantages, which will enhance the interaction and user 
experience in a virtual environment. Users will be able to directly interact with the virtual 
environment by using their body movements, which are tracked by the sensors. In order to 
further explore the possibility of using wireless sensor network in virtual environments, we 
will analyze the current state of UI design in VE's by discussing areas such as hardware, 
common tasks, and interaction techniques in the following sections. 
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Hardware Devices 
In a VE the mapping between hardware devices and interaction techniques are extremely 
important. The suitability of a device is dependent on the task. Choosing an ergonomic 
interaction device, utilize the advantages, and knowing the limitations is essential for any VE 
UI designer. The advantage of one device in an application could easily be a limitation of the 
same device in another application. The designer must first understand the available 
technology to be able to choose the most appropriate hardware device for the given 
application. Recently there have been research efforts to provide designers with guidelines 
for building VE Uis. These guidelines take into account the kind of application, the type of 
tasks the user needs to perform in the virtual world and the device used to immerse the user 
in the virtual space. 
Currently there is a wide range of interactive devices for a VE's. As for all computer 
interface hardware, there are two basic groups - Input and Output (VO). We will discuss 
these groups in the following two subsections with respect to their common properties and 
uses in a VE user interface. 
Input Devices 
Input devices are the physical hardware connected to the user that is mapped to the 
interaction techniques to carry out functions of an application. A single device or a 
combination of devices can be used in an application. The number of input channels required 
per device is dependent on the degree of freedom for the application. The more degrees of 
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freedom the more input channels it will need, which can be achieved by using methods such 
as additional buttons or keys. 
Traditional input devices here refer to the input devices, which have been widely used in 2D 
Uls. These devices include mice, tablets, speech recognition, and other button-type 
controllers. Traditional input devices sometimes work very well in a 3D UI, such as speech 
recognition methods because it is a very natural and intuitive interaction method. However, 
the UI designer should keep in mind the application requirements, such as the need to 
distinguish the dialog between the users and the actual speech command. 
There are many input devices specifically designed for use in VE. These devices include 
Pinch gloves developed by Fakespace, position trackers, and three-dimensional joysticks. 
These types of devices allow the user to directly interact with the virtual world by using body 
movements. The designer should keep in mind that the user and the system training maybe 
required to learn the commands available in the application and how the user's body 
movements activate them. Full body tracking and voice recognition fall into this category 
even thought they are not specifically used in VE. 
In the world of VEs we have not yet found the equivalent of a desktop interface, therefore we 
still have quite a number of customized devices used on an application by application basis. 
These custom devices can be either a combination or modification of available devices such 
as the Ring Mouse [25] which combines the traditional mouse with ultrasonic tracking in a 
device that can be worn on the user's finger. New devices are developed that address specific 
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problems in VEs. For example, an interaction table (Hachet, 2002) has been designed to 
adapt the large displays used in a VE. The interaction table is composed of a movable tray 
fixed on a pillar, and offers users six degree of freedom interaction. One more sentence 
explaining how the user actually interacts with this table. The designer sometimes may be 
required to fabricate custom devices, such as for a driving or flight simulator, and the input 
devices must mimic the real environment. 
VE input devices can also be categorized by the types of events the devices generate [8]: 1) 
Discrete-input devices, such as the Pinch gloves. They only transmit a signal if any part of 
the hand contacts another; after the contact, each signal event generates a Boolean value. 2) 
Continuous-input devices generate a stream of events. Trackers are examples of such devices. 
Combination devices, sometimes referred as hybrid-input devices, result in interaction called 
multimodal interaction. VE UI designers should always keep up with the current technology, 
understanding the pros and cons of available interaction devices, and be creative when 
choosing input devices for an application. 
Output Devices 
For most 2D interfaces, the output targets only the user's visual channel. VE output also 
includes auditory, tactile, and haptic1• Visual output can be either fully-immersive or semi-
immersive[8]. Head Mounted Displays (HMDs) are examples of fully-immersive displays. In 
a fully-immersive VE the user is completely surrounded by the virtual world without any 
1 There are some efforts on olfactive displays, but they are at such early stages that we do not cover them in the 
context of this work 
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visual connection to the real world. In this context, any real objects need to be introduced 
into the virtual space by duplicating them with a virtual representation. In a semi-immersive 
VE, the user can see the virtual world as well as the real world. Stereo monitors, 
workbenches, and CAVEs are examples of semi-immersive displays. Visual display is the 
most critical element in most of the VE applications. In a semi-immersive VE, because the 
user can see the physical world while doing tasks such as object manipulation, the users can 
see their own hand that may block the display. 
Other output devices such as 3D audio can enhance the user's experience of the virtual 
surroundings. Haptic and tactile output devices have also become very active research areas. 
These devices can give force feedback to the user, and allow the user to "feel" the virtual 
world, which can be extremely usefully for tasks such as collision detection. Even though 
olfactory devices have not yet been widely used in VEs there is research on the subject, and it 
may become a useful element for some applications. 
Choosing a suitable output device is similar to choosing a suitable input device, depending 
on the application. The available VE devices are limited by the available technology, and the 
UI designer must learn to work around these limitations. For example, to avoid the user's 
hand blocking the display in a semi-immersive VE, the designer can create an offset between 
the hand and the virtual object. 
Many designers do not consider output devices as part of the interaction methods, and fail to 
recognize the importance of output to the user. It is the author's opinion that interaction 
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should be bidirectional since the process will not be complete without feedback to the user. 
For example, applications such as virtual walk-through, visual output is the only output 
channel in most cases. When collisions occur, especially with walls, inexperienced users may 
not realize it immediately and continue to navigate in the wrong direction. If auditory output 
is used to signal the user, the navigation task can be more users friendly and efficient. 
Common Tasks 
Similar tasks in a VE are more complex and challenging to address than in a desktop 
environment. The most common tasks in a VE are navigation, object manipulation, and 
system control [8]. Salem, Yates and Saatchi address these in four interaction modes: 
dialogue, geographical navigation, logical navigation, and object manipulation [28]. Each 
interaction mode has many specific interaction methods. We discuss these interaction 
methods for each task group in the following sections with emphasis on navigation and 
object manipulation. 
Navigation 
The navigation we are going to discuss in this subsection is strictly geographical navigation. 
In certain contexts, the term navigation may also refer to the logical exploration of the 
information space, such as following links or selecting menu options. For the purposes of our 
discussion navigation refers to the user's change in location within the three-dimensional 
virtual space 
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The most important issues needed to be addressed when designing a UI for navigation tasks 
include spatial awareness, efficient and comfortable movements, and for the user to be able 
to accomplish the main task, the navigation must be lightweight [8]. Navigation tasks can be 
separated into motor processes and cognitive processes. Motor processes include exploring, 
such as in virtual walk-through applications. The user simply travels from one location to 
another. A searching task will require the user to travel to a specific target location. The 
application may also require the user to be able to manipulate the viewing angles. Almost all 
the navigation tasks can be achieved by using one or more of the following methods: 
• Body movements 
• Steering device 
• Command control 
Using body movements enhances the user's experience of the virtual space, which can be 
done by using techniques such as motion tracking, stationary bikes or treadmills. This 
method is most effective when the physical effect of navigation is important. It is a very easy 
method to learn, however it can be physically intensive to some users. Steering devices such 
as orientation trackers or button controllers are commonly used. They are effective in most 
cases, but can be difficult for users to adapt to their style of control. The user can also give 
commands to specify a target, route or direction to navigate in a VE. For example, the user 
can be transported directly to the specified target. This method requires the least effort from 
the user, which works best for applications that have other more important tasks. Using a 
preprogrammed path can also be useful when there is a need to apply constraints to the users. 
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A cognitive task, such as way-finding in navigation, is for a user to create a cognitive map 
using spatial information such as landmarks, maps, and other survey information. To 
improve the cognitive task performance, the UI can provide support such as a large field of 
view, 3D audio, real-world-like cues such as signs or maps. Designers should always choose 
these additional supports according to the application. For example, research has shown that 
viewing a map before entering the virtual space has enhanced the performance, but having a 
map during way-finding also interferes with performing the task [29] 
Object manipulation 
There are three steps in object manipulation task - select, manipulate and release [27]. 
During each step, the UI must clearly indicate the status of the object, task, and environment. 
The taxonomies of each step are shown in Table 2 below. 
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Manipulate object handle hand 
gaze 
simulated cues 







Release indication of release gesture 
button controller 
speech 
Final location current position 
adjusted position/orientation 
Table 2 Taxonomy of object manipulation 
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In most cases direct manipulation is the most efficient, natural, intuitive and effective method. 
However, most real world metaphor methods are limited by the physical constraints of the 
users. For example, the object must be within the reach of the user, and it is difficult to 
manipulate large objects. Methods such as arm-extension, ray-casting, and scaling can be 
used to over come these limitations [30]. We discuss these methods in a later section. 
System control 
System control is mostly concerned with changing the state of the environment. This task can 
be accomplished by using menus, icons, speech commands or a combination of several 
methods. When using graphic menus, it should be a fixed position relative to the user, and 
the designer should pay attention to avoid creating distraction from the main task. One 
should also keep error prevention in mind and be able to return to the previous state. 
Collaboration 
Collaborative tasks in a VE can be either a collaboration with virtual, human or other users of 
the system. Because of the lack of sensory feedback (such as sound and haptics), normally 
low level cognitive activities now require a high level of cognitive control. During 
collaborative tasks, the user must devote more cognitive resources to high-level cognitive 
tasks, such as planning, strategic development, and communications. The UI designer should 
try to minimize low-level motor tasks, and free the user's cognitive resources. 
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Wireless Sensor Net:works 
Wireless sensor networks, also referred to as distributed sensor networks, consist of a number 
of low-cost miniaturized computers with limited memory, and computational power, and 
physical sensor capability. Each mini-computing station running autonomously and 
communicates with others via short range wireless communication links [26]. The 
characteristics of a typical sensor network include [2]: 
• Large number of sensors nodes 
• Random and dense places 
• Self-organizing protocols and algorithms 
• Cooperative efforts of sensor nodes 
• Local processing ability 
• Faulty-tolerant 
• Limited power, memory, and computating ability 
• May not have global identification 
Wireless sensor networks have improved the quality of the information and have changed the 
way information is gathered. They allow the collection of high-fidelity, real-time, and other 
hard-to-get information. Wireless sensor networks are also very cost effective. There are a 
wide range of applications that have already utilized wireless sensor networks, such as 
production monitoring, traffic management, environment supervision, medical care, and 
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military applications [26]. The design of a wireless sensor network should take the following 
criteria into consideration [ 6]: 
• Energy Efficiency - limited energy source 
• Cost Effective - allows the installation of a large number of nodes 
• Distributed Sensing - provides robustness to environmental obstacles 
• Wireless Communication - allows communication without an installed infrastructure 
• Multi-hop - enable wide rang of coverage and conservation of energy 
• Distributed Processing - process data locally 
The following sections describe in detail the specific characteristics of a wireless sensor 
network, including sensor nodes, communications, and research trends. 
Sensor Nodes 
A sensor node comprises four basic components [2]: sensmg components, processmg 
components, transceivers, and power. There can be multiple sensors for a single node, and 
they share the processing component, transceiver, and power. The sensing component 
measures the changes in the physical condition, such as pressure or temperature. The data 
collected from the environment can then be processed into abstract sensor estimates by the 
processing component. The processed data is then transmitted through the network. 
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The most crucial component is power. In many outdoor environments, solar cells are used, 
and traditional batteries are also used as power source. However, the inability to generate 
power or a permanent power source posed problems and challenges in the maintenance of a 
wireless sensor network. Moore's and Gilder's Laws predicted the complexity of microchips 
and communication bandwidth are growing exponentially, and battery life shows no such 
sign of development [6]. 
Communication 
Communication between nodes is one of the most important aspects of a wireless sensor 
network. The characteristics of the communication in a wireless sensor network directly 
influence the efficiency and effectiveness of the network, especially since most 
communication nodes are battery powered. 
Network architecture defines the interconnection between nodes. The two traditional 
architectures are used committee organization and hierarchical organization as shown in 
Figure 1 below [7]. 
Figure I Committee Organization, Hierarchical Organization 
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Committee organization - each node is connected to some or all other nodes, which 
allow information passing between any connected nodes. Since the nodes are heavily 
connected and information is shared between nodes, committee organization caused a serious 
communication burden in the network, and possible biased estimation of the information. A 
committee-organized network is a completely connected network and is a widely used 
architecture. 
Hierarchical organization - nodes are placed in different levels, and communication 
is only allowed between the node and its parents or children. Information is passed and 
integrated upwards to the root node, also called the commander. There is much less 
interconnection in this architecture, but the communication is more complicated and errors 
may accumulate throughout the hierarchy. 
There are other versatile architectures such as the binary multi-level de Bruijin network 
(BMD). Choose the optimal network architecture and communication pattern is essential to 
an application. Currently, there are significant research efforts on research to develop 
protocols and algorithms for wireless sensor network. Finding an efficient and fault-tolerant 
architecture is very important for the network performance. 
Most of the sensor nodes use radio frequency, and a µAMPS wireless sensor node uses 
Bluetooth technology with a 2.4 GHz transceiver. Infrared and optical communications are 
license-free and robust to interference with other electrical devices. Both these new 
communication channels require line-of-sight between the transmitter and the receiver. 
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Research Trends 
As the physical aspects of sensor technology, smaller, cheaper improves, and better sensors 
allow more sensors to be present and more information to be transferred in a sensor network. 
Much research has been conducted towards strategically deployed sensor networks [7]. 
Algorithms - There are many algorithms for controlling a wireless sensor network. 
The recently algorithm development for wireless sensor network has been focused on 
improving fault tolerance and performance. Genetic algorithms have also been used in 
solving sensor deployment problems. 
Target Location - A strategically placed sensor network should efficiently cover the 
entire surveillance region. Coding theories have been used to strategically place the sensor so 
the system can pinpoint the location at any time throughout the covered areas. 
Deployment paradigms - Given goals and constraints the computational complexity 
can be categorized into deployment paradigms, such as probabilistic deployment with 
investment limit, minimum sensor set for target coverage, deployment integrity, etc. 
Mobile Agent Based DSN (MADSN) - MADSN is designed to address challenges 
such as low bandwidth, large data volume, and an unreliable environment. Mobile agents are 
programs that can be transmitted to and executed on a remote computer. Using the agents, 
executable code will retrieve the data at the local site, instead of sending the data to a higher-
level as in the traditional DSNs (see Figure 2 below). 
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Figure 2 Comparision between DSN and MADSN 
An effective sensor network involves efficient design of sensor models, sensor deployment 
schemes, network architecture, information translation, network fault tolerance, etc. Some of 
these issues are not as critical in the wearable sensor network as in a typical sensor network. 
For example, since the number of the sensor nodes is relatively small, each node has a unique 
ID, thereby make finding the target location effortless. The much smaller installation of the 
wearable sensor network also makes choosing the network architecture less demanding. 
Wearable Sensor Network 
The objective of this research is to investigate the potential of using wearable wireless sensor 
networks as a human movement tracking device. The wearable wireless sensor network in 
this research constitutes the basic characteristics of a traditional sensor network, and at the 
same time has many unique features: 
• Smaller scale with less sensor nodes 
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• Sensor nodes are strategically placed rather than randomly scattered 
• Unique identification being tracked for each sensor node 
• Sensor network can be easily reconfigured for different applications 
• Minimizing the local data processing 
The development of the wearable sensor network has many similarities of other wearable 
systems. The design space is described by addressing the following issues [16]: 
• Functionality of a sensor network consists of providing a user friendly interface and 
reliable sensory input. The input can then be interpreted according to the application. 
• Wearability encompasses s variety of aspects such as size, weight, shape, location and 
other ergonomic criteria. As for any wearable system, the user's safety must be taken 
into consideration. 
• Power consumption needs to be minimized for the individually battery-powered 
sensor nodes. When a single sensor node fails, the overall system operation must be 
ensured. 
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CHAPTER 3 RESEARCH CONTENT AND METHODS 
The discrete size, low cost, multi-hop, wireless communication, and energy efficiency 
features have allowed wireless sensor networks to be used in a wide range of applications, 
such as monitoring a construction site, observing the ocean, and surveillance in military 
missions. New wireless sensor network applications are emerging constantly, such as 
medical monitoring and emergency response. 
A typical sensor network could contain hundreds or thousands of sensors, and the wearable 
sensor network in this research is essentially a miniature version. It does not contain as many 
sensors as the sensor network discussed earlier, however with further development of 
technology and application needs, it has the potential to host a large number of sensor nodes. 
The varieties of commercially available sensors pose the possibility of using the wearable 
sensor network for human movement tracking. This method has advantages over many 
current movement tracking devices such as: 
• Wireless 
• Low cost 
• Ease of use 
• Ease of reconfigure 
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Research Objective 
Sensor networks have been widely used in environment monitoring and controlling 
applications, where the installation resides in the space surrounding the human body. The 
objective of this research is to investigate the potential of using wearable wireless sensor 
networks as a human movement tracking device. There are three main components in the 
study: 
• Design and construct the wearable wireless sensor network 
• Conduct experiments, usability studies, and performance analyses 
• Use the wearable sensor network in various applications 
The challenges this project faces not only include the conventional problems of a wireless 
sensor network (such as communication between nodes, interference, battery life, etc.) but 
also includes the challenge of designing anon-conventional user interface. Many of the issues 
of the wireless sensor network itself have been addressed in previous research [ 1 7] and they 
are briefly discussed in the next section. The focus of this study is to investigate the 
possibilities of using wearable wireless sensor networks as an interaction method. 
Experiment Setup 
The experiment is designed to study the performance and suitability of VEs in a wearable 
wireless sensor network for human movement tacking. The experiment examines the 
movement constraints posed by the wearable system, and takes measurements of the 
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monitored body points for specific tasks. This section describes the experiment with the 
wearable sensor network in detail. 
System Set up 
Our system includes both hardware and software. The hardware components are inexpensive 
and commercially available and the software components include TinyOS which is used to 
program the hardware, and VRJuggler [18] which is used for application development. 
Mica Mote System 
A Mote is the heart of a sensor node used various wireless sensor applications. Mica2 Motes 
are the 3rd generation motes developed by the University of California in Berkeley and 
produced by Crossbow Technology, Inc [19]. Each mote has ATmega ATmel 128L 8-bit 
processor with 128KB program flash, 4KB of RAM and 512KB flash for data storage. It has 
eight OV-3V, 10-bit analog to digital converters and many digital 110 pins. The center 
frequency is 916MHz band, which operates in up to 50 different channels. The mote also 
includes a Chipcon CC 1000 tunable FM radio. The frequency the radio operates can be 
programmed and changed during runtime. The motes are programmed over the serial port 
using an interface board and it is possible to program them over the air [15] [20] [21]. 
The mote used has two different specifications. Mica2 is the larger of the two, and weighs 18 
gram without batteries. The processor of the mote runs at 7.4 MHz and is powered by two 
AA batteries. There are 51 pins available for analog, digital 1/0, and power pins. [21] [22]. 
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The Mica2Dot is a much small configuration, and without battery, weighs less than 3 grams 
and is about the size of a quarter. It is powered by a 3V button battery. There are 18 1/0 pins 
and operates at 4 MHz [15] [22]. Both motes transmit at 38.4 kbps, and actual data 
throughput of 19.2 kbps (actual motes are shown in Figure 3 & 4). 
Figure 3 Mica2 Mote 
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Figure 4 Mica2Dot Mote 
Sensors 
For Mica2 Motes, a sensor board is available which directly connects to the 1/0 pins of the 
mote. The on-board sensors include a 2-axis accelerometer that can be used to detect motion 
or act as a tilt sensor, a light sensor that changes output based on the intensity of light, and a 
magnetic sensor to detect magnetic fields. For Mica2Dot Motes, an interface board is used to 
connect sensors to the mote. Mica2Dot are used to interface with flex sensors and pressure 
sensors. 
The flex sensor acts as a resistor and gradually changes resistance when bent. It can detect up 
to 90 degrees of bending. The application reads the voltage changes and then determines the 
bending angles (see Figure 5 below). The pressure sensor used in the study is a FlexiForce 
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single element force sensor. When force is applied to the sensing element at the top of the 
sensor, like the flex sensor, the resistance changes (see Figure 6 blow). 
Figure 5 Flex Sensor 
Figure 6 Pressure Sensor 
TinyOS 
TinyOS (TOS) [21] is a component-based operating system for embedded wireless systems. 
It uses very little memory and handles multiple tasks and events. Typical periodic tasks 
include sampling inputs and sending messages. It sleeps when there is no task been 
performed. 
Programming for TinyOS is done with an extension of C called nesC [22]. Code is written 
for each component, and an application is developed by using the components. By simply 
changing the communication component of an application, the mote can change from 
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wireless channel to serial port communication. However, dynamic allocation and creation of 
the memory and components are not allowed. 
VRJuggler 
VRJuggler [15] is an open source project developed at Iowa State University for virtual 
reality applications. It simplifies the application development by handling the differences of 
operating systems or multiprocessor systems includeing thread creation and communicating 
on a serial port. It also provides the support for multiple graphic APis, including OpenGL 
and OpenSG. VRJuggler also takes care of producing a stereo view and managing the 
devices; consequently, the developer can focus on the application. 
VRJuggler allows tasks in an application to be distributed when running on a multi-processor 
machine or a cluster. Multiple platforms can be used in a cluster, for example an Irix machine 
can be running together with a Linux machine on the same application. VRJuggler will 
synchronize and allow each node in the cluster to share the same application data. This 
capability gives the developer the freedom to choose specific machines according to the 
computational requirement of tasks in the application. Hardware devices used by an 
application, such as displays, input and output, are configured at run time. This feature of 
VRJuggler allows the developer to run the same application with a multi-projection wall 
system, a PC terminal, or other device of their choice. VRJuggler has built-in support for 
several common devices, but adding a new device to the VRJuggler device manager requires 
the creation of a device driver. In this study, the drivers of the motes have already been 
developed in previous research done by Jayme Hero. The limitation of using VRJuggler 
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device manager is that communication between the device and the VRJuggler interface is not 
bidirectional, therefore application can only receive but not sent data to the device. 
Design & Methods 
The design space for a wearable system, as described by Anliker, Dyer, and etal [13], 
consists of three general goals: 
• Provide functionality with efficiency and user friendliness in mind 
• Minimize power comsumption and maximize battery lifetime 
• Ergonomically designed to enhance wearablity 
To achieve the functionality, the software interface of the wireless wearable sensor network 
gives the developer the freedom to directly read the sensor input, and at the same time 
predefined functions are written for the interpretation of the most commonly used 
movements. To minimize the power consumption the user can adjust the transmission power 
of the motes. Depends on application, the short range communication application the 
transmission power can be reduced by reprogramming the motes, and vise versa. 
The sensors and motes chosen in this research are much less intrusive and discrete compared 
to similar products on the market today. Wiring between the sensors and the mote still creates 
a problem, however it does not pose significant restrictions of the user's natural movement. 
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With the design guidelines in mind, to investigate the capability of the wearable sensor 
network in movement tracking, the subject was asked to perform these signals: 
• Initial condition - measurements of individual sensor when not being worn by the 
subject 
• Stationary condition - on the subject's body, subject se in a natural standing position: 
• Come forward- lift right arm, face palm up the subject and bends fingers 3 times 
• Stop - lift right arm, and face palm away 
• Up - lift right arm, and face palm up 
There are 3 flex sensors being used in the experiment, the positions of the sensor placement 
are (also shown in Figure 7 below): 
• Inside of the index finger 
• Outside of the wrist 
• Inside of the elbow 
The sensor network is used to record the continuous movements when the subject is 
performing the tasks. Each movement was performed 3 times with 3 sampling rates. The 
readings of the sensors are being output to a text file as the movement is performed. 
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Figure 7 Sensor Placement 
Results 
The result of the experiment can be analyzed by first studying the initial conditions of the 
sensors, then performing comparisons between tdts with different sampling rates (The 
complete data can been found in the appendix). 
Initial Condition 
The initial condition test must been done because the construction of the circuit, and 
manufacturing differences may cause different output between the sensors under the same 
condition. The initial condition test has shown that the range of voltage change is different 
between the sensors as the bend of the sensors increase from 0 to 90 degrees. However, the 
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voltage increases at relatively the same rate, and all 3 sensors reach the maximum output of 
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Figure 8 Initial condition of the sensors 




As shown in Figures 9a-d below, the output of three iterations of the same movement are 
similar. There is no significant change during the stationary phase. When the come forward 
signal was performed, there were significant changes in the hand movements. The 
movements involved in stop and up signal are very similar, and they both show significant 
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Figure 9b Come forward signal movements at 1 OOms/sample 
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Figure 9d Up signal movements at lOOms/sample 
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Sampling at 50ms/sample 
As the sampling rate doubles, the outputs of sensors are still consistent among the same 
movements. In addition to the previous result, more details are reviewed. For the come 
forward signal movement, we can now see the three bending movements of the hand. Also, 
the differences between the stop and up signal are more obvious at the sampling rate of 


























0 10 20 30 40 









10 20 30 40 10 20 30 4( 10 20 30 














10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 
Fieure 1 Oc Stop sfanal movements at SOms/sample 
43 
0.6 0.5 0.6 








10 15 20 2~ 0 10 15 20 25 30 35 10 15 20 25 3C 
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Sampling at 25ms/sample 
Doubling the sampling rate again, the outputs of the movements are still consistent with 
previous experiments. The sensor has also picked up the small and insignificant movements, 
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Figure lla Stationary condition at 25 ms/samp 
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Figure lld Up signal movements at 50 ms/sample 
Discussions 
As shown in the experiment results above, the wearable sensor network was able to give 
consistent output at different sampling rates with several tests of the same series of 
movements. At the slowest sampling rate, the sensor failed to verify some significant 
movements, such as the hand bending in the come forward signal and at the fastest sampling 
rate of 25ms/sample, the output was too noisy. Therefore the best sample rate is determined 
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to be 50 ms/sample. At this rate the application was able to sense the characteristic 
movements of each signal without being overexerted. 
Overall, the experiments have proven the wearable sensor network is capable of performing 




There are a variety of applications that can utilize the wearable wireless sensor network 
developed in this research. From art performance and virtual reality to medical rehabilitation, 
wearable wireless sensor networks provide a unique interface and effective method of 
monitoring the user's body movements. In the following sections, we introduce two 
applications that have been developed as part of this research, and explore other possible 
wearable wireless sensor network applications. 
Interactive Dance 
In the world of theater, stage sets consist of mostly static components. Performers move 
around them in a choreographed way with little effect on the props. With the advances of 
lighting and projection technology, dynamic elements are slowly adding to the performance. 
However, there is not a direct interaction between the performers and the stages sets. 
In the case of a dance performance, the stage-set is fairly static. Minor changes are 
choreographed to move some elements, such as, walls or backgrounds, but they are all pre-
set and have little coordination with the performers' movements. Once the environment is 
created, it is almost impossible to modify quickly. Another aspect about dance performance 
is that the dancers have always been taught to follow the music, and the creativity of the 
dance is greatly restricted. Without an appropriate interaction device, it is nearly impossible 
to overcome such constraints. Wearable sensor networks, along with stereo projection and 
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digital audio technology, can provide the performer the ability to directly interact and change 
the music or stages sets. 
To test our system we have collaborated with the local dance company Co'Motion [23] to 
produce a live performance in which dancers are instrumented with our technology. The 
performance, Assisted Living 2, is a modem dance piece which utilizes the wearable sensor 
network in this research and virtual reality technology developed at the Virtual Realty 
Application Center at Iowa State University. In the performance, the dancers' movements are 
tracked by placing the sensors on the joints of the dancers. Stereo projection technology is 
used to project 3D graphics as the background of the performance. Digital audio software is 
used to analyze the music that is playing and generate music which will be played later. All 
the components are integrated through the VRJuggler framework. The dynamic changes of 
the audio and video are driven by the movement of the dancers. To do so, each mote senses 
the movement change of the dancers, as real time data been sent to the VRJuggler application, 
and then each movement is analyzed and signals the audio and video to react to the dancer. 
The objective is to convey that the performance is "assisted" by technology, that the dancers 
"assist" each other, and that the integrated piece in the stage "assists" the audience to 
experience a novel expression of dance. 
Wearable wireless sensor network technology described in this research can be utilized in 
many other types of theatrical performances, such as concerts and plays. Traditional stage 
sets can be replaced by using modem technology, which gives the performer the ability to 
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directly interact and control the stage environment, and broaden their creativity. At the same 
time, such systems require less maintenance, cost less and can be quickly modified. 
Fully lmmersive Virtual Reality Application 
Current user interface design in virtual reality allows very limited natural interaction between 
the users and the virtual environment. In most cases, it is effortless for an individual to use 
multimodal presentations, such as speech, gaze, and body movement, to communicate with 
others fluently. Although speech is the primary communication method, body movement is a 
very important supplement. In many cases, body movements can even replace the speech. 
For example, giving commands by pointing a finger at an object or the direction of 
movement. As mentioned in the previous section, gesture recognitions are being used in 
current virtual reality applications, however it is far from natural interaction. The gestures 
must be predefined and learned by the user. Wearable sensor networks allow the user to use 
nature body movement to interact with the virtual world, thereby moving the virtual 
environment user interface towards natural multimodal interaction. 
Other Applications 
Movement tracking ability of wireless sensor networks can be utilized in a wide variety of 
applications. In the medical field, sensor network can be used in the rehabilitation process. 
The sensor output can be recorded for the patients and compared with the data from the 
standard movement. The results can be used to identify the critical areas, and make the 
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rehabilitation process more efficient and effective. The same method can be used for children, 
dancers, and athletes to learn or improve their motor skills. The low cost, discrete, and easy 
installation attributes give the wearable wireless sensor network advantages over many 
current movement tracking devices. The potential of the wearable wireless sensor network is 
endless. 
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CHAPTER 5 CONCLUSIONS 
This study has investigated the potential of using wireless sensor network technology to 
monitor and track human body movement. The implementation of the wearable wireless 
sensor network has shown that current wireless sensor network hardware and software 
technology is effective when used in a miniature scaled system. Experiments of the 
developed system have shown that wearable wireless sensor networks have the potential to 
be used as an effective tool for human movement tracking. Applications are developed to 
further investigate the possibility and feasibility of wearable wireless sensor networks in the 
areas of art performance and virtual reality user interfaces. 
To conclude, wearable wireless sensor networks are an effective tool for tracking human 
movement. Compared to other current movement tracking technologies and methodologies, 
wearable wireless sensor networks have the advantages such as: 
• Easy installation and implementation 
• Adaptability to the requirements of different applications 
• Wireless communication 
• Discrete and non-invasive 
• Low cost, off the shelf products 
For the future studies of wearable wireless sensor networks in the field of biomechanics, 
large scaled systems can be developed. It will allow the scientist to develop more detailed 
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and comprehensive mapping between the sensory output and natural movement. For example, 
upper extremities movement involves large range of motion and is task-dependent. A 
wearable network with a large number of different types of sensors is required to conduct a 
complete study of such movements. Wearable sensor network applications can be further 
extended into fields such as medicine and teaching. 
To be able to effectively apply the wireless sensor network in the applications listed above, 
the sensors must be custom fit to the application needs. For example, in an athletic training 
application, sensors must be securely attached to the user's body to achieve accurately 
measurements. Sensors should also be protected from sweating and other damaging 
conditions that may occur. Detailed statistical analysis of the sensor measurement must been 
done to be able to applied the wireless sensor network effectively. 
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APPENDICES 
Appendix A - Initial Condition Data 
Initial Condition 
Angle Sensor1 Sensor2 Sensor3 
0 0.34311 0.32942 0.33822 
12.85714 0.3695 0.36364 0.35679 
25.71429 0.42913 0.40078 0.38221 
40.71429 0.53079 0.52493 0.49756 
55.71429 0.64027 0.66667 0.59042 
70.71429 0.67644 0.7654 0.6696 
85.71429 0.69013 0.78983 0.69502 
90 0.69599 0.80156 0.70577 
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Appendix B - Sampling at 100mslsample 
Stationary Position 
Stationary Elbow Hand Wrist 
0 0.46237 0.33333 0.31867 
1 0.45846 0.3392 0.31476 
2 0.45552 0.34115 0.31476 
3 0.45357 0.34115 0.31378 
4 0.45455 0.33724 0.31574 
5 0.46628 0.32454 0.31183 
6 0.4653 0.32454 0.31183 
7 0.4653 0.32356 0.31085 
8 0.48778 0.32845 0.31085 
9 0.49071 0.33138 0.31183 
10 0.48583 0.3304 0.31183 
11 0.48485 0.3304 0.31183 
12 0.48387 0.3304 0.31183 
13 0.48289 0.3304 0.31183 
14 0.48289 0.3304 0.31183 
15 0.48289 0.3304 0.31183 
16 0.48876 0.3304 0.31378 
17 0.50929 0.32942 0.3216 
18 0.50147 0.33138 0.32747 
19 0.46139 0.3392 0.31769 
20 0.46237 0.30401 0.31378 
21 0.46237 0.29912 0.30596 
22 0.46628 0.3001 0.30499 
Movement - Come Forward 
Test1 Elbow Hand Wrist 
0 0.44575 0.34897 0.31085 
1 0.44673 0.33627 0.31085 
2 0.44966 0.31574 0.33724 
3 0.47116 0.30596 0.3695 
4 0.47312 0.54546 0.3001 
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5 0.47507 0.55034 0.28153 
6 0.47312 0.58847 0.28739 
7 0.4868 0.32747 0.30694 
8 0.46628 0.32063 0.31574 
9 0.44673 0.32063 0.31183 
10 0.44673 0.31574 0.3089 
11 0.47019 0.31965 0.31085 
12 0.48387 0.32649 0.348 
13 0.47605 0.34702 0.34018 
14 0.45161 0.32942 0.3216 
15 0.44184 0.30499 0.31476 
16 0.44086 0.28837 0.31378 
17 0.44184 0.28446 0.31378 
Test2 Elbow Hand Wrist 
0 0.43109 0.32258 0.31574 
1 0.43109 0.31378 0.31476 
2 0.44477 0.30792 0.32551 
3 0.46334 0.30987 0.34213 
4 0.47703 0.31281 0.348 
5 0.4653 0.31476 0.29619 
6 0.47312 0.5914 0.30401 
7 {).46921 0.59531 0.2913 
8 0.47116 0.32845 0.2913 
9 0.47116 0.34018 0.32649 
10 0.44477 0.31965 0.32551 
11 0.435 0.31769 0.31769 
12 0.435 0.31769 0.31769 
13 0.46823 0.3216 0.31769 
14 0.45943 0.3304 0.32845 
15 0.45552 0.33627 0.33431 
16 0.44282 0.32356 0.3216 
17 0.45455 0.30499 0.32356 
18 0.44673 0.30303 0.31672 
19 0.4477 0.29521 0.31672 
20 0.45259 0.2913 0.31769 
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Test3 Elbow Hand Wrist 
0 0.45161 0.31867 0.30401 
1 0.44673 0.31867 0.30499 
2 0.48778 0.31574 0.32845 
3 0.49951 0.3216 0.34604 
4 0.47801 0.3089 0.34897 
5 0.47507 0.51222 0.29521 
6 0.4741 0.58847 0.29814 
7 0.47801 0.34018 0.27859 
8 0.49365 0.35288 0.30499 
9 0.44966 0.32649 0.32747 
10 0.44184 0.31769 0.31574 
11 0.45943 0.31965 0.31183 
12 0.49853 0.33822 0.34506 
13 0.48974 0.33138 0.33431 
14 0.45357 0.30108 0.31378 
15 0.44282 0.29228 0.31867 
16 0.43988 0.28739 0.30987 
17 0.44282 0.28055 0.30792 
Movement - Stop 
Test1 Elbow Hand Wrist 
0 0.43402 0.3304 0.32063 
0.51026 0.33236 0.32356 
2 0.52884 0.29912 0.36559 
3 0.54252 0.27762 0.37243 
4 0.53568 0.27468 0.36755 
5 0.49462 0.348 0.3216 
6 0.41154 0.32942 0.33138 
7 0.41545 0.32747 0.32747 
8 0.42815 0.33138 0.32551 
9 0.42815 0.32747 0.32649 
10 0.47898 0.31769 0.33529 
11 0.50733 0.33627 0.33529 
12 0.47996 0.31867 0.31965 
13 0.45846 0.29717 0.31476 
14 0.45846 0.29521 0.31574 
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15 0.48094 0.2913 0.30987 
Test2 Elbow Hand Wrist 
0 0.34506 0.31672 0.31281 
1 0.43304 0.3216 0.33333 
2 0.51808 0.34018 0.35386 
3 0.52297 0.3392 0.35386 
4 0.52884 0.61975 0.33822 
5 0.45748 0.27273 0.37634 
6 0.4565 0.27077 0.37634 
7 0.47507 0.30401 0.36364 
8 0.47898 0.36852 0.30401 
9 0.39981 0.34604 0.33138 
10 0.35093 0.33236 0.32356 
11 0.37439 0.33724 0.31574 
12 0.37243 0.33529 0.31769 
13 0.45455 0.33236 0.33138 
14 0.4741 0.35093 0.33138 
15 0.4477 0.33236 0.32845 
16 0.41056 0.32258 0.32063 
17 0.3695 0.29228 0.31574 
Test3 Elbow Hand Wrist 
0 0.44575 0.33431 0.3392 
1 0.52199 0.3392 0.32942 
2 0.49658 0.33529 0.34018 
3 0.54252 0.33724 0.33627 
4 0.53666 0.33431 0.33529 
5 0.50147 0.32258 0.33627 
6 0.56012 0.35288 0.32356 
7 0.55425 0.27762 0.33627 
8 0.54057 0.27371 0.33529 
9 0.54252 0.36657 0.31867 
10 0.47703 0.34115 0.33333 
11 0.45259 0.32551 0.31769 
12 0.51613 0.34213 0.348 
13 0.49658 0.32551 0.32942 
14 0.4565 0.3001 0.31476 
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15 0.435 0.3001 0.31281 
16 0.435 0.3001 0.31281 
Movement - Up 
Test1 Elbow Hand Wrist 
0 0.42131 0.32845 0.31965 
1 0.44673 0.31867 0.35679 
2 0.53372 0.29326 0.4086 
3 0.6002 0.28837 0.42327 
4 0.58456 0.28739 0.41936 
5 0.50929 0.32845 0.35679 
6 0.39394 0.30499 0.31867 
7 0.39687 0.30694 0.31574 
8 0.43304 0.31574 0.32649 
9 0.50342 0.35093 0.34702 
10 0.49169 0.34604 0.33529 
11 0.47019 0.32454 0.32454 
12 0.45748 0.31476 0.31183 
13 0.45748 0.31476 0.31183 
14 0.46432 0.29912 0.3089 
15 0.46139 0.29423 0.30499 
Test2 Elbow Hand Wrist 
0 0.52786 0.35875 0.33529 
1 0.49853 0.35582 0.34409 
2 0.46334 0.34995 0.33333 
3 0.435 0.32942 0.32649 
4 0.52004 0.30108 0.37732 
5 0.61486 0.2913 0.40372 
6 0.61975 0.28739 0.39687 
7 0.57185 0.35191 0.36168 
8 0.50831 0.32454 0.31378 
9 0.41838 0.31183 0.31085 
10 0.46041 0.33138 0.32649 
11 0.49365 0.35875 0.33333 
12 0.47214 0.33822 0.32454 
13 0.45943 0.32356 0.31867 
14 0.44184 0.30792 0.31183 
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15 0.45552 0.30401 0.31476 
16 0.44966 0.29912 0.30792 
Test3 Elbow Hand Wrist 
0 0.46823 0.33138 0.31672 
1 0.46628 0.33138 0.31769 
2 0.50831 0.32551 0.35484 
3 0.60508 0.2913 0.42033 
4 0.65298 0.28739 0.41447 
5 0.62757 0.28544 0.4086 
6 0.54154 0.31867 0.32063 
7 0.43597 0.30596 0.31574 
8 0.44966 0.30792 0.31378 
9 0.49267 0.32747 0.32258 
10 0.52004 0.3607 0.32942 
11 0.47312 0.32063 0.32356 
12 0.45552 0.31183 0.31183 
13 0.45357 0.30303 0.31281 
14 0.4653 0.29521 0.3089 
15 0.46921 0.29423 0.3089 
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Appendix C - Sampling at 50mslsample 
Stationary Postion 
Stationary Elbow Hand Wrist 
0 0.3871 0.31965 0.30987 
1 0.39981 0.32356 0.30987 
2 0.39981 0.32356 0.30987 
3 0.41642 0.33236 0.30792 
4 0.41642 0.33236 0.30792 
5 0.41642 0.33236 0.30792 
6 0.4174 0.33138 0.30792 
7 0.41642 0.33138 0.30792 
8 0.4174 0.33138 0.30792 
9 0.41838 0.33138 0.30792 
10 0.41838 0.33138 0.30792 
11 0.41838 0.33138 0.30792 
12 0.42033 0.33138 0.3089 
13 0.42033 0.33138 0.3089 
14 0.41936 0.3304 0.30792 
15 0.41936 0.3304 0.30792 
16 0.41936 0.3304 0.30792 
17 0.41936 0.3304 0.30792 
18 0.41936 0.3304 0.30792 
19 0.41936 0.3304 0.30792 
20 0.41936 0.3304 0.30792 
21 0.43304 0.32747 0.31281 
22 0.43304 0.32747 0.31281 
23 0.40372 0.3304 0.31574 
24 0.39589 0.33138 0.31574 
25 0.39296 0.32649 0.31574 
26 0.39101 0.31769 0.31476 
27 0.39296 0.3001 0.31378 
28 0.39296 0.2913 0.31183 
29 0.39003 0.28935 0.32747 
30 0.38807 0.28446 0.32454 
31 0.38807 0.28348 0.32454 
32 0.38807 0.2825 0.32454 
33 0.39003 0.2825 0.32356 
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34 0.38612 0.2825 0.32356 
Movement - Come Forward 
Test1 Elbow Hand Wrist 
0 0.37341 0.3392 0.30401 
1 0.37341 0.3392 0.30401 
2 0.36461 0.33529 0.30499 
3 0.35288 0.32649 0.31183 
4 0.43793 0.3304 0.33138 
5 0.44477 0.34897 0.32942 
6 0.44575 0.34604 0.32063 
7 0.45161 0.62561 0.30596 
8 0.44966 0.348 0.30499 
9 0.44868 0.55816 0.31378 
10 0.44477 0.61779 0.30792 
11 0.43891 0.32063 0.29814 
12 0.43988 0.46921 0.30792 
13 0.43793 0.62854 0.30499 
14 0.43695 0.41545 0.29814 
15 0.43597 0.36168 0.29814 
16 0.43891 0.35288 0.31672 
17 0.37634 0.32845 0.30792 
18 0.33822 0.32649 0.30596 
19 0.38416 0.33138 0.30303 
20 0.38416 0.33138 0.30303 
21 0.4741 0.37048 0.29423 
22 0.47996 0.43011 0.28837 
23 0.47507 0.40665 0.28837 
24 0.44477 0.36657 0.30205 
25 0.42424 0.33724 0.30694 
26 0.39003 0.31867 0.31085 
27 0.38807 0.31183 0.31183 
28 0.41154 0.3089 0.31183 
29 0.40763 0.30792 0.3089 
30 0.40469 0.30596 0.30499 
31 0.40372 0.3001 0.30499 
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Test2 Elbow Hand Wrist 
0 0.36559 0.3392 0.30499 
1 0.35973 0.33627 0.30401 
2 0.35875 0.33431 0.30401 
3 0.43695 0.33333 0.31965 
4 0.4565 0.38612 0.31965 
5 0.44966 0.33529 0.3304 
6 0.45455 0.44477 0.33822 
7 0.44868 0.6305 0.30108 
8 0.45259 0.36168 0.31085 
9 0.45455 0.49853 0.31574 
10 0.45064 0.62268 0.30596 
11 0.4477 0.34115 0.30205 
12 0.4477 0.34115 0.30205 
13 0.44379 0.62561 0.30108 
14 0.44379 0.36755 0.30108 
15 0.44379 0.50635 0.29814 
16 0.44184 0.36461 0.30401 
17 0.40372 0.33333 0.30596 
18 0.37537 0.33529 0.30205 
19 0.37634 0.33724 0.30205 
20 0.38319 0.3392 0.30205 
21 0.38221 0.3392 0.30108 
22 0.39785 0.3392 0.30205 
23 0.44086 0.34311 0.30303 
24 0.4741 0.3871 0.29032 
25 0.45357 0.38025 0.3001 
26 0.4262 0.34018 0.3089 
27 0.40372 0.32845 0.30792 
28 0.39492 0.31378 0.30792 
29 0.41154 0.30987 0.30205 
30 0.41056 0.3089 0.3001 
31 0.40469 0.30499 0.30205 
32 0.40274 0.30499 0.30205 
Test3 Elbow Hand Wrist 
0 0.35875 0.33822 0.29228 
1 0.35484 0.33822 0.29521 
2 0.35582 0.33724 0.29521 
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3 0.35288 0.33627 0.29521 
4 0.38025 0.33236 0.30108 
5 0.45064 0.34018 0.30205 
6 0.46237 0.38025 0.31672 
7 0.46237 0.38025 0.31672 
8 0.43793 0.59238 0.32063 
9 0.43891 0.62268 0.30303 
10 0.435 0.30694 0.3089 
11 0.43597 0.61877 0.31672 
12 0.43402 0.61681 0.30987 
13 0.43402 0.40469 0.30401 
14 0.43109 0.63539 0.30792 
15 0.43011 0.62952 0.29912 
16 0.43304 0.61779 0.3001 
17 0.44673 0.36461 0.30499 
18 0.45357 0.36461 0.30499 
19 0.43597 0.33724 0.29521 
20 0.34702 0.33138 0.29521 
21 0.34897 0.33138 0.29423 
22 0.42815 0.35875 0.30303 
23 0.4565 0.37243 0.31769 
24 0.45846 0.42131 0.32649 
25 0.44575 0.38221 0.32747 
26 0.42327 0.33822 0.32649 
27 0.39981 0.32454 0.3216 
28 0.36461 0.30401 0.30694 
29 0.36852 0.30401 0.31672 
30 0.38221 0.31476 0.31769 
31 0.38221 0.30987 0.31281 
Movement - Stop 
Test1 Elbow Hand Wrist 
0 0.3695 0.34311 0.3001 
1 0.37243 0.34311 0.3001 
2 0.37341 0.34018 0.3001 
3 0.37537 0.33724 0.30303 
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4 0.44673 0.36852 0.33138 
5 0.45161 0.34604 0.35191 
6 0.47116 0.30303 0.35679 
7 0.46628 0.29521 0.35582 
8 0.45846 0.27859 0.35484 
9 0.45748 0.28544 0.34995 
10 0.44184 0.39198 0.30694 
11 0.43206 0.39492 0.3001 
12 0.348 0.37439 0.29717 
13 0.3392 0.36168 0.29521 
14 0.34115 0.3607 0.29521 
15 0.348 0.35973 0.29619 
16 0.37341 0.36168 0.29717 
17 0.38025 0.36266 0.30205 
18 0.43011 0.37048 0.31378 
19 0.48289 0.40274 0.31085 
20 0.47605 0.41642 0.30694 
21 0.46237 0.39687 0.3089 
22 0.43891 0.35582 0.31183 
23 0.40274 0.3392 0.31085 
24 0.37439 0.29521 0.29912 
25 0.3871 0.28935 0.30303 
26 0.40469 0.29032 0.30205 
27 0.4086 0.28641 0.29814 
28 0.40567 0.28055 0.29423 
Test2 Elbow Hand Wrist 
0 0.36461 0.34213 0.3001 
1 0.35875 0.34311 0.29912 
2 0.36168 0.34213 0.3001 
3 0.36168 0.34213 0.3001 
4 0.36168 0.34115 0.3001 
5 0.3607 0.34018 0.29912 
6 0.36461 0.3392 0.30205 
7 0.47019 0.39003 0.34995 
8 0.48289 0.35582 0.35288 
9 0.49169 0.38612 0.35484 
10 0.49951 0.27664 0.36755 
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11 0.48485 0.27273 0.36461 
12 0.48387 0.27175 0.36266 
13 0.48778 0.42033 0.32942 
14 0.46237 0.43988 0.29326 
15 0.44086 0.42913 0.3001 
16 0.41642 0.37243 0.30401 
17 0.33822 0.34995 0.29814 
18 0.34604 0.34409 0.29326 
19 0.34604 0.34115 0.29326 
20 0.36364 0.34213 0.29814 
21 0.41838 0.3607 0.31378 
22 0.47312 0.37732 0.3216 
23 0.4565 0.37439 0.31574 
24 0.44966 0.36364 0.31281 
25 0.4262 0.34702 0.30987 
26 0.37439 0.2913 0.30205 
27 0.36657 0.29521 0.30499 
28 0.3695 0.29228 0.30303 
29 0.37146 0.28837 0.30303 
30 0.38416 0.2825 0.30108 
Test3 Elbow Hand Wrist 
0 0.35875 0.33627 0.29814 
1 0.3607 0.33431 0.29814 
2 0.3607 0.33431 0.29814 
3 0.35973 0.33529 0.29717 
4 0.35386 0.33431 0.29717 
5 0.35582 0.33529 0.29717 
6 0.35582 0.33431 0.29717 
7 0.40665 0.32942 0.30596 
8 0.46041 0.34018 0.3089 
9 0.47019 0.38612 0.34409 
10 0.46432 0.35582 0.36364 
11 0.47312 0.31867 0.38221 
12 0.46921 0.27859 0.38221 
13 0.46921 0.28935 0.37146 
14 0.46823 0.37048 0.34506 
15 0.46334 0.3871 0.30596 
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16 0.45552 0.38123 0.29912 
17 0.45552 0.38123 0.29912 
18 0.33724 0.35386 0.29423 
19 0.348 0.35386 0.29423 
20 0.35777 0.35484 0.29521 
21 0.43402 0.38514 0.31281 
22 0.46237 0.38319 0.32747 
23 0.46237 0.38123 0.33431 
24 0.45161 0.3783 0.33333 
25 0.44477 0.36461 0.32845 
26 0.38807 0.31476 0.31672 
27 0.36657 0.29619 0.30499 
28 0.37146 0.32454 0.30499 
29 0.42131 0.30401 0.30499 
30 0.42033 0.31769 0.29912 
31 0.41545 0.31085 0.29814 
Movement - Up 
Test1 Elbow Hand Wrist 
0 0.39687 0.3001 0.37634 
1 0.43206 0.28348 0.39198 
2 0.43206 0.28348 0.39198 
3 0.48192 0.28055 0.39883 
4 0.4741 0.27859 0.39883 
5 0.47214 0.28641 0.39394 
6 0.44868 0.35191 0.32747 
7 0.44868 0.35191 0.32747 
8 0.44868 0.35191 0.32747 
9 0.44868 0.35191 0.32747 
10 0.44868 0.35191 0.32747 
11 0.44868 0.35191 0.32747 
12 0.42033 0.31183 0.31378 
13 0.41838 0.31574 0.34506 
14 0.41545 0.31476 0.35093 
15 0.41447 0.32063 0.34409 
16 0.41251 0.31574 0.33529 
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17 0.41251 0.30401 0.32551 
18 0.39198 0.29619 0.31574 
19 0.39198 0.29619 0.31574 
20 0.3783 0.30499 0.31965 
21 0.37732 0.30987 0.31867 
22 0.37439 0.3089 0.31769 
23 0.37439 0.3089 0.31769 
24 0.37341 0.30401 0.31672 
25 0.37439 0.30303 0.31574 
26 0.37439 0.30303 0.31574 
Test2 Elbow Hand Wrist 
0 0.42815 0.3001 0.36559 
1 0.4086 0.28739 0.37928 
2 0.45064 0.28153 0.37146 
3 0.47214 0.27859 0.36266 
4 0.49169 0.27468 0.3695 
5 0.48289 0.27468 0.36852 
6 0.47703 0.37439 0.35386 
7 0.47703 0.37439 0.35386 
8 0.47703 0.37439 0.35386 
9 0.47703 0.37439 0.35386 
10 0.47703 0.37439 0.35386 
11 0.47703 0.37439 0.35386 
12 0.47703 0.37439 0.35386 
13 0.41642 0.31281 0.35777 
14 0.42131 0.31183 0.35679 
15 0.41838 0.31281 0.34311 
16 0.41838 0.31281 0.34311 
17 0.39003 0.29326 0.31476 
18 0.39003 0.29326 0.31476 
19 0.37928 0.29032 0.31476 
20 0.37634 0.29423 0.31378 
21 0.37439 0.28837 0.31281 
22 0.37439 0.28837 0.31281 
Test3 Elbow Hand Wrist 
0 0.3783 0.32747 0.31867 
1 0.37146 0.3304 0.32063 
2 0.37048 0.33333 0.31965 
73 
3 0.37341 0.33236 0.31769 
4 0.37341 0.33236 0.31769 
5 0.37243 0.33236 0.31965 
6 0.37243 0.33138 0.31965 
7 0.37048 0.32454 0.31867 
8 0.38123 0.32356 0.33138 
9 0.38319 0.31085 0.37048 
10 0.38416 0.28641 0.39296 
11 0.41936 0.2825 0.4174 
12 0.46725 0.28055 0.41447 
13 0.47214 0.28153 0.41154 
14 0.46823 0.27957 0.41251 
15 0.46041 0.27957 0.40078 
16 0.4262 0.30401 0.35386 
17 0.41936 0.30108 0.3304 
18 0.41936 0.30108 0.3304 
19 0.41936 0.30108 0.3304 
20 0.42522 0.30596 0.30596 
21 0.42327 0.30694 0.30694 
22 0.42327 0.30694 0.30694 
23 0.41056 0.32454 0.35093 
24 0.4174 0.31867 0.35777 
25 0.41545 0.31965 0.35093 
26 0.41545 0.31281 0.33627 
27 0.40763 0.30792 0.32258 
28 0.40763 0.30303 0.31574 
29 0.38612 0.2913 0.31867 
30 0.38221 0.28348 0.31378 
31 0.38221 0.27957 0.31183 
32 0.38319 0.27859 0.31281 
33 0.38416 0.28055 0.31183 
74 
Appendix D - Sampling at 25mslsample 
Stationary Position 
Stationary Elbow Hand Wrist 
0 0.50147 0.30303 0.3783 
1 0.50049 0.30596 0.37928 
2 0.50049 0.30596 0.37928 
3 0.50049 0.30596 0.38025 
4 0.50049 0.30596 0.38025 
5 0.50049 0.30694 0.38025 
6 0.50049 0.30596 0.38025 
7 0.50049 0.30596 0.38025 
8 0.50049 0.30596 0.38025 
9 0.49951 0.30596 0.38025 
10 0.50049 0.30694 0.38025 
11 0.50049 0.30694 0.38025 
12 0.50049 0.30596 0.38025 
13 0.50049 0.30596 0.38025 
14 0.49951 0.30694 0.38025 
15 0.49951 0.30694 0.38025 
16 0.49853 0.30596 0.38025 
17 0.49853 0.30596 0.38025 
18 0.49756 0.30694 0.38025 
19 0.49853 0.30694 0.38025 
20 0.50147 0.30694 0.38123 
21 0.50635 0.31378 0.38123 
22 0.51417 0.32551 0.38123 
23 0.51906 0.33627 0.38123 
24 0.52004 0.3392 0.37928 
25 0.52004 0.34018 0.37928 
26 0.52004 0.34018 0.37928 
27 0.51515 0.3392 0.37928 
28 0.51515 0.3392 0.38025 
29 0.51613 0.34018 0.37928 
30 0.51613 0.34018 0.37928 
31 0.51417 0.34115 0.37928 
32 0.51515 0.34018 0.37928 
75 
33 0.51515 0.34018 0.37928 
34 0.51515 0.3392 0.37928 
35 0.51515 0.34018 0.37928 
36 0.5132 0.34018 0.37928 
37 0.51417 0.34018 0.37928 
38 0.51417 0.34018 0.37928 
39 0.51417 0.34018 0.37928 
40 0.5132 0.34018 0.37928 
41 0.5132 0.3392 0.3783 
42 0.5132 0.34018 0.37928 
43 0.5132 0.34018 0.37928 
44 0.5132 0.34018 0.37928 
45 0.5132 0.34018 0.37928 
46 0.5132 0.3392 0.37928 
47 0.5132 0.34018 0.37928 
48 0.51222 0.34018 0.37928 
49 0.51222 0.3392 0.38025 
50 0.51222 0.3392 0.37928 
51 0.5132 0.3392 0.37928 
52 0.51222 0.34018 0.3783 
53 0.51222 0.34018 0.3783 
54 0.51222 0.34018 0.3783 
55 0.51222 0.34018 0.37928 
56 0.5132 0.3392 0.3783 
57 0.5132 0.3392 0.3783 
58 0.5132 0.3392 0.37928 
59 0.5132 0.3392 0.37928 
60 0.51222 0.3392 0.37928 
61 0.51222 0.3392 0.37928 
62 0.51222 0.3392 0.37928 
63 0.51222 0.3392 0.37928 
64 0.51222 0.3392 0.37928 
65 0.51222 0.3392 0.3783 
66 0.5132 0.3392 0.37928 
67 0.51222 0.3392 0.37928 
68 0.5132 0.3392 0.37928 
69 0.5132 0.3392 0.37928 
70 0.51222 0.3392 0.3783 
71 0.51222 0.3392 0.37928 
72 0.51222 0.3392 0.3783 
76 
73 0.51222 0.3392 0.3783 
74 0.51222 0.3392 0.3783 
75 0.51222 0.3392 0.37928 
76 0.51222 0.3392 0.37928 
77 0.51515 0.3392 0.37928 
78 0.51222 0.3392 0.37928 
79 0.51222 0.3392 0.37928 
80 0.51124 0.3392 0.37928 
81 0.51222 0.3392 0.37928 
82 0.51222 0.33822 0.37928 
83 0.51222 0.3392 0.37928 
84 0.51222 0.3392 0.37928 
85 0.51222 0.3392 0.37928 
86 0.51222 0.3392 0.37928 
87 0.51124 0.33822 0.3783 
88 0.51222 0.33822 0.37928 
89 0.51124 0.3392 0.37928 
90 0.51222 0.3392 0.37928 
91 0.51222 0.33822 0.37928 
92 0.51222 0.33822 0.37928 
93 0.51222 0.33822 0.3783 
94 0.51222 0.33822 0.37928 
95 0.51222 0.33822 0.37928 
96 0.51222 0.33822 0.37928 
97 0.51222 0.33822 0.37928 
98 0.51222 0.33724 0.38221 
99 0.5132 0.33627 0.38319 
100 0.51124 0.33627 0.38514 
101 0.5132 0.33724 0.38905 
102 0.51026 0.33822 0.39003 
103 0.50147 0.33724 0.39101 
104 0.50147 0.33724 0.39101 
105 0.50147 0.33724 0.39101 
106 0.51124 0.33724 0.38612 
107 0.51124 0.33724 0.38612 
108 0.51417 0.33627 0.38514 
109 0.51417 0.33627 0.38514 
110 0.51222 0.32356 0.39003 
111 0.50929 0.31769 0.39296 
112 0.51222 0.31574 0.39394 
77 
113 0.50733 0.31281 0.39296 
114 0.50831 0.31281 0.39687 
115 0.50635 0.31281 0.39981 
116 0.50635 0.31281 0.39981 
117 0.50635 0.31281 0.40665 
118 0.50635 0.31281 0.40665 
119 0.50538 0.31574 0.41056 
120 0.50635 0.31769 0.40958 
121 0.50635 0.31769 0.40958 
122 0.50635 0.31769 0.40665 
123 0.50635 0.31769 0.40665 
124 0.50538 0.31672 0.40567 
125 0.50635 0.31672 0.40372 
Movement - Come Forward 
Test1 Elbow Hand Wrist 
0 0.349951 0.31769 0.30303 
1 0.351906 0.31867 0.30303 
2 0.352884 0.3216 0.30303 
3 0.350929 0.3216 0.30303 
4 0.350929 0.3216 0.30205 
5 0.349951 0.3216 0.30205 
6 0.349951 0.32063 0.30205 
7 0.344086 0.32063 0.30205 
8 0.344086 0.32063 0.30205 
9 0.342131 0.31965 0.30205 
10 0.342131 0.32063 0.30205 
11 0.341153 0.31965 0.30108 
12 0.341153 0.31965 0.31085 
13 0.341153 0.31965 0.31085 
14 0.365591 0.31672 0.32258 
15 0.365591 0.31672 0.32258 
16 0.44086 0.32454 0.33529 
17 0.44086 0.32454 0.33529 
18 0.44868 0.31769 0.3216 
19 0.463343 0.44575 0.31574 
20 0.469208 0.61877 0.31378 
21 0.469208 0.61975 0.30987 
78 
22 0.466276 0.56989 0.30694 
23 0.463343 0.38416 0.30205 
24 0.463343 0.38416 0.30205 
25 0.460411 0.4956 0.30792 
26 0.458456 0.61193 0.3089 
27 0.456501 0.61095 0.30499 
28 0.454545 0.55719 0.30303 
29 0.450635 0.34409 0.29619 
30 0.449658 0.33236 0.29717 
31 0.450635 0.61095 0.30499 
32 0.44868 0.61877 0.30303 
33 0.445748 0.60997 0.29912 
34 0.445748 0.60997 0.29912 
35 0.445748 0.60997 0.29912 
36 0.4174 0.34115 0.30303 
37 0.4174 0.34115 0.30303 
38 0.402737 0.34115 0.30694 
39 0.376344 0.33431 0.31281 
40 0.336266 0.32747 0.31574 
41 0.329423 0.32356 0.31574 
42 0.329423 0.32356 0.31574 
43 0.365591 0.33236 0.31378 
44 0.374389 0.33627 0.3089 
45 0.393939 0.33822 0.3089 
46 0.416422 0.33724 0.31867 
47 0.427175 0.34897 0.31867 
48 0.434018 0.36364 0.31867 
49 0.434995 0.36755 0.32063 
50 0.431085 0.36657 0.31867 
51 0.42913 0.3607 0.31769 
52 0.42913 0.3607 0.31769 
53 0.419355 0.35191 0.31574 
54 0.419355 0.35191 0.31574 
55 0.391007 0.32845 0.31378 
56 0.378299 0.32845 0.31281 
57 0.370479 0.32649 0.31281 
58 0.370479 0.32649 0.31281 
59 0.370479 0.32649 0.31281 
60 0.353861 0.32063 0.3089 
61 0.351906 0.31769 0.30792 
79 
62 0.349951 0.31281 0.30499 
63 0.349951 0.31281 0.30499 
64 0.347019 0.31378 0.31378 
65 0.347019 0.30792 0.31476 
66 0.350929 0.29912 0.31378 
67 0.347996 0.2913 0.31281 
68 0.347996 0.2913 0.31281 
69 0.347996 0.2913 0.31281 
70 0.347996 0.2913 0.31281 
71 0.357771 0.28544 0.30987 
72 0.387097 0.28544 0.31183 
Test2 Elbow Hand Wrist 
0 0.347996 0.3216 0.29912 
1 0.343109 0.32356 0.29912 
2 0.351906 0.32747 0.29814 
3 0.352884 0.33138 0.29912 
4 0.348974 0.33236 0.29912 
5 0.341153 0.33138 0.29912 
6 0.341153 0.33138 0.29912 
7 0.377322 0.31769 0.32063 
8 0.377322 0.31769 0.32063 
9 0.419355 0.32845 0.32649 
10 0.419355 0.32845 0.32649 
11 0.43695 0.34311 0.31867 
12 0.441838 0.51906 0.31476 
13 0.44477 0.63539 0.31085 
14 0.44477 0.63539 0.31085 
15 0.44477 0.63539 0.31085 
16 0.44477 0.63539 0.31085 
17 0.442815 0.34409 0.29912 
18 0.443793 0.60313 0.30792 
19 0.441838 0.63441 0.30596 
20 0.439883 0.62952 0.30401 
21 0.438905 0.46921 0.3001 
22 0.438905 0.46921 0.3001 
23 0.437928 0.57576 0.30401 
24 0.434018 0.6305 0.30596 
80 
25 0.435973 0.62757 0.30303 
26 0.43695 0.58651 0.30108 
27 0.434018 0.33138 0.29619 
28 0.42913 0.31476 0.30303 
29 0.428153 0.34702 0.31574 
30 0.428153 0.34702 0.31574 
31 0.424242 0.34311 0.31672 
32 0.424242 0.34311 0.31672 
33 0.389052 0.33138 0.31476 
34 0.338221 0.3216 0.30694 
35 0.344086 0.32747 0.30596 
36 0.344086 0.32747 0.30596 
37 0.346041 0.32942 0.30401 
38 0.348974 0.33138 0.30303 
39 0.350929 0.33138 0.30205 
40 0.351906 0.33138 0.30205 
41 0.348974 0.3304 0.30205 
42 0.348974 0.3304 0.30205 
43 0.348974 0.3304 0.30205 
44 0.345064 0.32845 0.30108 
45 0.353861 0.32747 0.30108 
46 0.353861 0.32747 0.30108 
47 0.345064 0.32747 0.30303 
48 0.337243 0.34018 0.3089 
49 0.337243 0.34018 0.3089 
50 0.337243 0.34018 0.3089 
51 0.361681 0.32845 0.33627 
52 0.366569 0.32649 0.33529 
53 0.367546 0.32649 0.32454 
54 0.361681 0.32551 0.31085 
55 0.361681 0.32551 0.31085 
56 0.361681 0.32551 0.31085 
57 0.353861 0.31769 0.30987 
58 0.352884 0.31281 0.31672 
59 0.355816 0.31085 0.31672 
60 0.356794 0.30694 0.31476 
61 0.357771 0.30108 0.31378 
62 0.356794 0.29717 0.31085 
63 0.356794 0.29717 0.31085 
64 0.359726 0.29521 0.31085 
81 
Test3 Elbow Hand Wrist 
0 0.37146 0.33724 0.28935 
1 0.34604 0.3304 0.28935 
2 0.35777 0.3304 0.29032 
3 0.35679 0.32942 0.2913 
4 0.35484 0.32942 0.2913 
5 0.34897 0.32942 0.2913 
6 0.34604 0.32845 0.29326 
7 0.34604 0.32845 0.29326 
8 0.4477 0.32356 0.30205 
9 0.44966 0.35679 0.30108 
10 0.44575 0.35973 0.30987 
11 0.44575 0.35973 0.30987 
12 0.43988 0.33333 0.31281 
13 0.43891 0.43793 0.31867 
14 0.43988 0.62854 0.31574 
15 0.43988 0.62854 0.31574 
16 0.43891 0.5738 0.30792 
17 0.43793 0.37634 0.30596 
18 0.43695 0.62072 0.31281 
19 0.43695 0.62072 0.31281 
20 0.43597 0.62366 0.3089 
21 0.43597 0.57478 0.3089 
22 0.43597 0.57478 0.3089 
23 0.435 0.53763 0.30987 
24 0.43304 0.63343 0.31085 
25 0.43304 0.63343 0.31085 
26 0.43304 0.60215 0.30596 
27 0.43304 0.60215 0.30596 
28 0.43304 0.60215 0.30596 
29 0.43304 0.38025 0.31281 
30 0.43304 0.38025 0.31281 
31 0.43304 0.38025 0.31281 
32 0.43597 0.35875 0.31476 
33 0.42327 0.33431 0.31378 
34 0.39492 0.32747 0.31085 
35 0.39492 0.32747 0.31085 
36 0.39296 0.3304 0.3089 
37 0.39296 0.3304 0.3089 
82 
38 0.37732 0.33236 0.30596 
39 0.37732 0.33236 0.30596 
40 0.37048 0.33138 0.30792 
41 0.3783 0.33138 0.30401 
42 0.40665 0.33138 0.30499 
43 0.40665 0.33138 0.30499 
44 0.47507 0.34311 0.30205 
45 0.48387 0.35973 0.29228 
46 0.48387 0.35973 0.29228 
47 0.48387 0.35973 0.29228 
48 0.44282 0.36657 0.30108 
49 0.39003 0.32258 0.30694 
50 0.39003 0.32258 0.30694 
51 0.3783 0.33822 0.30596 
52 0.37928 0.31574 0.30792 
53 0.39589 0.31476 0.30694 
54 0.39589 0.31476 0.30694 
55 0.39394 0.31085 0.30108 
56 0.39296 0.3089 0.3001 
57 0.39198 0.30694 0.3001 
Movement - Stop 
Test1 Elbow Hand Wrist 
0 0.33724 0.33529 0.28837 
1 0.34115 0.33724 0.28837 
2 0.34213 0.34018 0.29032 
3 0.33822 0.3392 0.28935 
4 0.33822 0.3392 0.28935 
5 0.33431 0.33822 0.29326 
6 0.3783 0.32649 0.29814 
7 0.3783 0.32649 0.29814 
8 0.45943 0.50244 0.32454 
9 0.46041 0.39492 0.34604 
10 0.46237 0.28935 0.35679 
11 0.46237 0.28935 0.35679 
12 0.46237 0.27957 0.3607 
13 0.45943 0.27957 0.3607 
14 0.45259 0.27664 0.35973 
83 
15 0.45064 0.27566 0.35582 
16 0.44477 0.33333 0.34897 
17 0.44379 0.44086 0.31378 
18 0.43891 0.39003 0.29032 
19 0.41838 0.39101 0.29032 
20 0.3695 0.3783 0.28837 
21 0.33627 0.36461 0.28641 
22 0.3304 0.35582 0.28739 
23 0.33236 0.35288 0.28641 
24 0.33333 0.35191 0.28641 
25 0.33529 0.35288 0.28739 
26 0.33431 0.35386 0.28837 
27 0.33529 0.35386 0.28837 
28 0.34506 0.35288 0.28837 
29 0.38025 0.35191 0.29228 
30 0.38025 0.35191 0.29228 
31 0.41936 0.36461 0.29619 
32 0.41936 0.36461 0.29619 
33 0.43109 0.43109 0.30108 
34 0.42131 0.42327 0.30205 
35 0.40469 0.41642 0.30596 
36 0.38319 0.44184 0.30987 
37 0.36461 0.48192 0.31378 
38 0.35582 0.4741 0.31769 
39 0.35582 0.4741 0.31769 
40 0.35093 0.36559 0.3216 
41 0.34995 0.34995 0.3216 
42 0.35484 0.34702 0.32258 
43 0.3607 0.35973 0.32356 
44 0.36168 0.36364 0.32356 
45 0.36168 0.36364 0.32356 
46 0.36168 0.36364 0.32356 
47 0.36168 0.36364 0.32356 
48 0.37439 0.31085 0.31672 
49 0.37439 0.31085 0.31672 
50 0.37439 0.31769 0.32258 
51 0.37439 0.33529 0.32551 
52 0.36559 0.30108 0.3216 
53 0.36559 0.30108 0.3216 
54 0.36559 0.30108 0.3216 
84 
55 0.35191 0.3001 0.31867 
56 0.35093 0.29717 0.31965 
57 0.35093 0.29717 0.31965 
58 0.35093 0.29717 0.31965 
59 0.35191 0.29619 0.31867 
60 0.35288 0.29423 0.31867 
61 0.35288 0.29423 0.31867 
62 0.35288 0.29423 0.31867 
63 0.35288 0.29423 0.31867 
64 0.35386 0.29619 0.31769 
65 0.35386 0.30401 0.31769 
66 0.35386 0.30401 0.31769 
67 0.35191 0.30401 0.31574 
68 0.35191 0.30108 0.31476 
Test2 Elbow Hand Wrist 
0 0.34213 0.4174 0.29032 
1 0.34506 0.45552 0.29032 
2 0.34506 0.37537 0.29032 
3 0.34506 0.37537 0.29032 
4 0.34506 0.37537 0.29032 
5 0.34702 0.3392 0.29521 
6 0.39296 0.35582 0.30108 
7 0.42327 0.47507 0.31965 
8 0.44966 0.43695 0.34115 
9 0.45846 0.33529 0.34702 
10 0.46041 0.27566 0.34897 
11 0.46139 0.27664 0.34995 
12 0.45748 0.27273 0.34995 
13 0.45161 0.27175 0.34995 
14 0.45161 0.27175 0.34995 
15 0.45161 0.27175 0.34995 
16 0.44282 0.36657 0.33724 
17 0.43402 0.38612 0.30596 
18 0.4262 0.46725 0.29423 
19 0.38612 0.42327 0.28935 
20 0.33822 0.44086 0.28837 
21 0.32356 0.38025 0.28739 
85 
22 0.32356 0.38025 0.28739 
23 0.32356 0.38025 0.28739 
24 0.34018 0.35777 0.28544 
25 0.34409 0.35484 0.28544 
26 0.35386 0.35288 0.28641 
27 0.35386 0.35288 0.28641 
28 0.36168 0.35288 0.28739 
29 0.36364 0.35288 0.28739 
30 0.36461 0.35093 0.28837 
31 0.36852 0.35093 0.28935 
32 0.37048 0.35191 0.29032 
33 0.37928 0.35484 0.29032 
34 0.38905 0.38221 0.2913 
35 0.38807 0.37243 0.2913 
36 0.3783 0.36364 0.29228 
37 0.37243 0.3607 0.2913 
38 0.38612 0.36559 0.29228 
39 0.41056 0.38319 0.29619 
40 0.41056 0.38319 0.29619 
41 0.41056 0.38319 0.29619 
42 0.4262 0.37048 0.30499 
43 0.42522 0.37146 0.30499 
44 0.40763 0.43304 0.30499 
45 0.39101 0.39101 0.30694 
46 0.37928 0.48094 0.30694 
47 0.37243 0.39687 0.30596 
48 0.38221 0.34897 0.31085 
49 0.3871 0.37439 0.3089 
50 0.3871 0.37439 0.3089 
51 0.38807 0.37341 0.30792 
52 0.38807 0.42033 0.30792 
53 0.38807 0.42033 0.30792 
54 0.38319 0.33822 0.3089 
55 0.38221 0.33431 0.30792 
56 0.38221 0.32551 0.3089 
57 0.38123 0.31965 0.30596 
58 0.38123 0.31574 0.30401 
Test3 Elbow Hand Wrist 
0 0.34506 0.32258 0.30108 
86 
1 0.34409 0.32551 0.29912 
2 0.34506 0.32551 0.29912 
3 0.34702 0.32747 0.29912 
4 0.34702 0.32649 0.29814 
5 0.34702 0.32649 0.29814 
6 0.34604 0.32551 0.3001 
7 0.34409 0.32356 0.30499 
8 0.37732 0.32258 0.30596 
9 0.43695 0.33529 0.30987 
10 0.44575 0.34409 0.33138 
11 0.45357 0.40274 0.3392 
12 0.45357 0.40274 0.3392 
13 0.46041 0.2825 0.3392 
14 0.46041 0.2825 0.3392 
15 0.46041 0.27371 0.34311 
16 0.45552 0.27664 0.34311 
17 0.45161 0.27175 0.34115 
18 0.44966 0.27175 0.34018 
19 0.44966 0.39492 0.3304 
20 0.44966 0.39492 0.3304 
21 0.44282 0.38612 0.29032 
22 0.44282 0.38612 0.29032 
23 0.39101 0.39198 0.29228 
24 0.34213 0.37732 0.29032 
25 0.34213 0.37732 0.29032 
26 0.32649 0.36559 0.28935 
27 0.32942 0.35973 0.28837 
28 0.34018 0.35875 0.28837 
29 0.36755 0.35875 0.2913 
30 0.39981 0.36168 0.29326 
31 0.43402 0.36266 0.29423 
32 0.43402 0.36266 0.29423 
33 0.46139 0.37048 0.2913 
34 0.46139 0.37048 0.2913 
35 0.46725 0.50733 0.29228 
36 0.45064 0.61388 0.2913 
37 0.44184 0.54057 0.27273 
38 0.44184 0.54057 0.27273 
39 0.43402 0.38123 0.2913 
40 0.41349 0.33431 0.30792 
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41 0.37537 0.32551 0.31085 
42 0.37146 0.35777 0.31769 
43 0.3783 0.31281 0.31965 
44 0.38807 0.32258 0.31769 
45 0.38905 0.31476 0.31574 
46 0.38905 0.31085 0.31476 
47 0.3871 0.3089 0.31281 
48 0.38319 0.30792 0.31183 
49 0.37928 0.30694 0.31085 
50 0.37634 0.30596 0.31281 
51 0.37634 0.30596 0.31281 
52 0.37537 0.30401 0.31574 
Movement - Up 
Test1 Elbow Hand Wrist 
0 0.33529 0.32649 0.3001 
1 0.34604 0.32356 0.3001 
2 0.34409 0.32258 0.30108 
3 0.34311 0.32258 0.3001 
4 0.34311 0.3216 0.30499 
5 0.35288 0.31672 0.32942 
6 0.35288 0.31672 0.32942 
7 0.41642 0.42718 0.37146 
8 0.43011 0.61681 0.39394 
9 0.43695 0.52493 0.42229 
10 0.43695 0.52493 0.42229 
11 0.44477 0.31867 0.42913 
12 0.46334 0.29814 0.42913 
13 0.46921 0.29521 0.42815 
14 0.46823 0.29032 0.42131 
15 0.46432 0.28935 0.42131 
16 0.46432 0.28935 0.42131 
17 0.46432 0.28935 0.42131 
18 0.44673 0.28739 0.41838 
19 0.43304 0.44379 0.3392 
20 0.42913 0.32942 0.31378 
21 0.42913 0.32942 0.31378 
22 0.41154 0.32063 0.30792 
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23 0.38025 0.31476 0.30596 
24 0.34115 0.31281 0.30205 
25 0.32258 0.30987 0.30108 
26 0.32845 0.31183 0.3001 
27 0.32845 0.31183 0.3001 
28 0.33822 0.31476 0.30108 
29 0.34702 0.31672 0.30205 
30 0.34897 0.31867 0.30205 
31 0.34897 0.31867 0.30205 
32 0.36266 0.3304 0.30499 
33 0.36266 0.3304 0.30499 
34 0.37732 0.33822 0.31476 
35 0.37732 0.33822 0.31476 
36 0.40176 0.35679 0.32649 
37 0.4174 0.37341 0.33333 
38 0.42229 0.38319 0.33724 
39 0.4174 0.36461 0.33627 
40 0.40372 0.35973 0.33236 
41 0.38416 0.34213 0.32845 
42 0.37439 0.33431 0.3216 
43 0.36364 0.32845 0.31867 
44 0.36364 0.3216 0.30792 
45 0.38416 0.32258 0.31183 
46 0.38612 0.32356 0.31085 
47 0.37928 0.31672 0.30694 
48 0.38025 0.31183 0.30499 
49 0.38025 0.31183 0.30499 
50 0.3783 0.30499 0.30499 
51 0.37537 0.30303 0.30303 
52 0.37537 0.30303 0.30303 
53 0.37439 0.30108 0.30205 
54 0.37341 0.30205 0.30303 
55 0.37341 0.30205 0.30303 
Test2 Elbow Hand Wrist 
0 0.33724 0.32454 0.29717 
1 0.33822 0.3216 0.29814 
2 0.33822 0.32063 0.29814 
3 0.33822 0.31965 0.29814 
4 0.3392 0.31867 0.3001 
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5 0.36461 0.34506 0.32063 
6 0.4262 0.35484 0.32747 
7 0.44282 0.42131 0.32747 
8 0.44282 0.42131 0.32747 
9 0.43793 0.52199 0.40078 
10 0.44966 0.40665 0.41838 
11 0.45552 0.30499 0.41936 
12 0.45846 0.29326 0.41447 
13 0.4477 0.35973 0.40665 
14 0.43793 0.39785 0.38123 
15 0.42815 0.41251 0.3607 
16 0.43011 0.37439 0.35386 
17 0.43011 0.37439 0.35386 
18 0.43011 0.37439 0.35386 
19 0.39687 0.31085 0.30987 
20 0.34506 0.30596 0.29814 
21 0.33236 0.30792 0.29619 
22 0.33333 0.3089 0.29521 
23 0.33529 0.30987 0.29619 
24 0.34018 0.3089 0.29814 
25 0.37439 0.31476 0.30108 
26 0.4174 0.34506 0.30596 
27 0.4174 0.34506 0.30596 
28 0.43695 0.3695 0.3216 
29 0.43304 0.36168 0.32356 
30 0.40958 0.35288 0.32258 
31 0.38807 0.37048 0.32063 
32 0.38807 0.37048 0.32063 
33 0.37243 0.35777 0.32063 
34 0.37243 0.35777 0.32063 
35 0.35582 0.34311 0.32063 
36 0.35386 0.34115 0.31965 
37 0.35386 0.34115 0.31965 
38 0.348 0.32258 0.31476 
39 0.348 0.32258 0.31476 
40 0.348 0.32258 0.31476 
41 0.37341 0.32454 0.30792 
42 0.37537 0.32258 0.30792 
43 0.37537 0.31769 0.30596 
44 0.37537 0.31672 0.30596 
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45 0.37341 0.31574 0.30694 
46 0.37048 0.31476 0.30499 
47 0.36657 0.31085 0.30303 
48 0.36559 0.30694 0.30499 
49 0.36559 0.30792 0.30499 
50 0.36657 0.30987 0.30596 
51 0.36657 0.30987 0.30596 
52 0.36755 0.30792 0.30596 
53 0.36852 0.30792 0.30499 
54 0.36755 0.3089 0.30499 
55 0.3695 0.30987 0.30499 
56 0.37146 0.3089 0.30596 
57 0.37146 0.3089 0.30596 
58 0.37243 0.30987 0.30499 
Test3 Elbow Hand Wrist 
0 0.33724 0.32063 0.29619 
1 0.33724 0.32258 0.29717 
2 0.33724 0.32258 0.29717 
3 0.33724 0.32258 0.29619 
4 0.33724 0.3216 0.29717 
5 0.33431 0.32063 0.29814 
6 0.348 0.31672 0.31672 
7 0.348 0.31672 0.31672 
8 0.348 0.31672 0.31672 
9 0.43695 0.42327 0.41056 
10 0.43695 0.42327 0.41056 
11 0.46725 0.29228 0.42522 
12 0.48778 0.2913 0.42424 
13 0.49658 0.29032 0.42327 
14 0.49658 0.29032 0.42327 
15 0.48485 0.28935 0.42229 
16 0.48485 0.28935 0.42229 
17 0.48485 0.28935 0.42229 
18 0.44477 0.39687 0.36755 
19 0.43988 0.37537 0.33529 
20 0.43695 0.34018 0.31378 
21 0.43695 0.34018 0.31378 
22 0.33138 0.31281 0.30108 
23 0.31476 0.30987 0.30108 
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24 0.31769 0.31085 0.29912 
25 0.3216 0.31183 0.29912 
26 0.32551 0.31281 0.29912 
27 0.34115 0.31378 0.3001 
28 0.37048 0.32258 0.31085 
29 0.39589 0.33236 0.32356 
30 0.39589 0.33236 0.32356 
31 0.40763 0.34311 0.32845 
32 0.40763 0.34213 0.32747 
33 0.40078 0.34115 0.32649 
34 0.38416 0.35582 0.32356 
35 0.37146 0.36461 0.32551 
36 0.35679 0.3304 0.32649 
37 0.35679 0.3304 0.32649 
38 0.348 0.32454 0.32845 
39 0.34213 0.31672 0.32747 
40 0.34311 0.31281 0.32454 
41 0.34604 0.31476 0.31867 
42 0.34702 0.32942 0.31769 
43 0.34702 0.32942 0.31769 
44 0.34311 0.32454 0.31574 
45 0.34409 0.31769 0.31281 
46 0.34409 0.31769 0.31281 
47 0.35093 0.30987 0.31183 
48 0.35386 0.30596 0.30987 
49 0.35386 0.30596 0.30987 
50 0.35679 0.30303 0.31183 
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